short cytoplasmic tails and are thought to require interplexin-B2 and plexin-B3 (genes located on human chromosomes 22 and X, respectively). plexin-B3 maps very action with as yet unknown transmembrane corecepclose to the plexin-A3 genomic locus on Xq28. The tor(s) for signal transduction (Nakamura et al., 1998). plexin-C subfamily is defined by VESPR (now plexin-C1). Moreover, nothing is known about the receptors for the A novel and atypical plexin, plexin-D1, is the prototype of many other classes of vertebrate semaphorins. the plexin-D subfamily. Many important issues related to plexin function in
We found that human plexin-B1 is expressed in at vertebrates therefore remain unanswered. First, what is least two different mRNA forms deriving from the alterthe diversity of plexin proteins in vertebrates? Second, native splicing of 583 nucleotides within the sequence are the plexins receptors for vertebrate semaphorins, encoding the extracellular domain. The two splice variand if so, are they receptors for all classes of semaphorants are found in comparable amounts in several cell ins? Third, how do they signal? In this paper, we begin to types that we have examined (data not shown). The long provide answers to these questions. Our results indicate mRNA corresponds to the previously reported sequence that plexins are receptors for multiple subfamilies of (Maestrini et al., 1996) , while the short mRNA variant semaphorins in vertebrates and suggest that plexins includes an early stop codon (due to a shift in the reading belong, with the Met receptor family, to a large protein frame; see Experimental Procedures). In COS cells, the superfamily controlling cell dissociation and repulsion short plexin-B1 cDNA is abundantly translated in a glyin a variety of tissues. coprotein of ‫021ف‬ kDa ("plexin-B1 truncated" in Figure  1B ), bound to the cell surface, and partially secreted Results (not shown). The cytoplasmic domain of plexins contains an ‫006ف‬ amino acid domain that we term the SP domain ("Sex and Plexins," marked in green in Figure 1B ) that is highly conserved within the family (57%-97% similarity) and in evolution (over 50% similarity between invertebrates and humans). The SP domain does not share homology with any known protein. It includes a number of potential tyrosine phosphorylation sites but lacks the typical motifs of catalytic tyrosine kinases. Interestingly, the predicted secondary structure of the SP domain includes long, conserved alpha helices typically found in proteinprotein interaction modules. Furthermore, there are several dihydrophobic amino acid motifs (such as LL or LI) known to mediate the internalization and downregulation of transmembrane receptors (Sandoval and Bakke, 1994). More interestingly, the class 4 transmembrane semaphorin Sema4D (CD100) did interact strongly and specifically with plexin-B1 (Figure 2A) . Thus, the prototypes The affinity constant of Sema4D for plexin-B1 was estimated by Scatchard plot to be in the subnanomolar of two distinct plexin families are the receptors for members of two distinct semaphorin subclasses. We also range (K D ϭ 0.9 nM, Figure 2B did not respond with either repulsion or attraction to Sema3A ( Figures 5C and 5D ). This blocking effect apThus, plexin-A3 is a candidate for a physiological coreceptor involved in mediating class 3 semaphorin effects peared to be specific, since expression of a different heterologous receptor, UNC5H2, did not impair repulon these axons. Other plexins may also have a role as neuropilin coreceptors in specific cell populations, such sion by Sema3A (Hong et al., 1999) and since expression of the truncated plexin construct did not block attractive as plexin-A2, which is expressed in a subset of sensory neurons and in dorsal horn cells, and plexin-A1, which responses to netrin-1 (Figures 5E and 5F ). Figures 5G and 5H quantify these effects. As can be seen, the effect is expressed at low levels and broadly in the spinal cord (Figure 4) . of Sema3A is completely abolished by the truncated plexin; although there is a slight apparent decrease in To directly test the possible involvement of plexins in class 3 semaphorin signal transduction, we studied the the attractive effect of netrin-1, the effect is not statistically significant. repulsive responses of Xenopus laevis spinal neurons to Sema3A, which is mediated by a receptor mechanism
Like previously identified plexins, these proteins have

Plexins
Although we have used a truncated plexin-A1 construct, this construct may be expected to interfere with involving neuropilin-1 (Song et al., 1998) . We asked whether these responses could be altered by expression the function of various plexins, since all the plexins Figure 7C ). At higher cell density, fibroblasts stopped phosphorylation of tyrosine residues. and clustered alongside the islands of control MDCKs, The cytoplasmic domains of several receptors, includwhereas they kept moving in a hectic fashion between ing Met proteins, become tyrosine phosphorylated owthe islands of plexin-A3-transfected cells (data not ing to an intrinsic kinase activity (Ullrich and Schlesshown).
singer, 1990). Since the cytoplasmic domain of plexins
This cell-repelling effect is not due to the release of is not similar to any bona fide or atypical tyrosine kinase, soluble factors, since exchanging conditioned media this suggests that a distinct tyrosine kinase coimmunobetween mixed cultures was without effect (not shown). precipitates in association with plexins and is responsiMoreover, the two different cell populations grew norble for their tyrosine phosphorylation. Although some mally until they came into contact, indicating that the additional phosphorylated proteins can be found specifrepelling effect requires cell-cell interaction. To rule out ically with plexin-A3 and -B1, we have not yet identified the possibility that plexin-A3-expressing cells generate this associated kinase. A number of endogenously exan apoptotic signal for fibroblasts, we monitored cell pressed tyrosine kinases, namely Met, Ron, Abl, and viability and apoptosis by TUNEL staining. As shown in Src, were not found associated with plexin-A3 by immu- Figure 7B , the clusters of repelled fibroblasts did not noprecipitation and Western blotting (not shown). Since include apoptotic cells; furthermore, the detaching cells tyrosine-phosphorylated residues often function as still excluded Trypan blue stain and were able to spread docking sites for intracellular signal transducers (Cantagain on a new culture plate (not shown). ley et al., 1991), the fact that the cytoplasmic domains Taken together, these results strongly suggest that, of plexins are tyrosine phosphorylated further suggests in our experimental system, plexin-A3 mediates cellthat they are part of signaling complexes. repelling cues, presumably by interacting with surfacebound ligands on opposing cells. We could not idenPlexin-A3-Expressing Cells Induce Repulsion tify-so far-the specific ligand for plexin-A3; however, of Cocultured Cells it is tempting to speculate that this may be a transmemStable transfectants expressing recombinant human brane semaphorin. It should be noted that the intracelluplexin-A3 were successfully obtained in four different lar domains of transmembrane semaphorins, such as cell lines: IMR32 and AF8 (human neuroblasts) and Sema4D, also include tyrosine residues, which may BOSC-23 and MDCK (human and canine kidney cells, themselves become phosphorylated and associate with respectively). We observed modest phenotypic changes cytoplasmic signal transducer molecules, a property in the transfected cells, which generally become flatter shown for ligands of the ephrin family (Holland et al., 1996). and larger in size. The growth rate of plexin-A3-overexpressing cells was comparable to parental lines, and we Discussion did not observe differences in the ability to adhere on different substrates (see Experimental Procedures; data In this paper we show that plexins are a large family not shown).
of receptors for transmembrane, secreted, and GPIanchored semaphorins in vertebrates. We divide plexins In keeping with a previous report on the related plexin 
